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Pineal serotonin N-acetyltransferase (arylalkylamine N-acetyltransferase, or AA-NAT)
generates the large circadian rhythm in melatonin, the hormone that coordinates daily and
seasonal physiology in some mammals. Complementary DNA encoding ovine AA-NAT
was cloned. The abundance of AA-NAT messenger RNA (MRNA) during the day was high
in the ovine pineal gland and somewhat lower in retina. AA-NAT mRBNA was found
unexpectedly in the pituitary gland and in some brain regions. The night-to-day ratio of
ovine pineal AA-NAT mRNA is less than 2. In contrast, the ratio exceeds 150 in rats.
AA-NAT represents a family within a large superfamily of acetyltransferases.

Amounts of circulating melatonin increase
10-fold at night in all vertebrates. This
thythm is generated by a variation in the
activity of AA-NAT (E.C. 2.3.1.87), the
penultimate enzyme in melatonin synthesis
(serotonin to N-acetylserotonin to melato-
nin) (1). The nocturnal increase in pineal
AA-NAT activity also markedly decreases
serotonin (1-3). The rhythm in melatonin is
essential for seasonal reproduction (4), mod-
ulates the function of the circadian clock in
the suprachiasmatic nucleus (SCN), and in-
fluences activity and sleep (5).

AA-NAT is expressed primarily in the
pineal gland and to a variable degree in the
retinas of some vertebrates (6). The enzyme
is rapidly inactivated (half-time, or ;,, =3
min) when animals are exposed to light at
night (I). Arylalkylamines are strongly pre-
ferred as substrates over other amines (7).
Regulation of AA-NAT activity is con-
rrolled by a complex system (1) that in-
cludes the circadian oscillator in the SCN.
At night, the SCN transmits signals to the
pineal gland by a neural circuit passing
through central and peripheral structures.
Light acts on this system through a retinal-
to-SCN projection to reset the SCN clock
and to gate transmission to the pineal
gland. SCN-generated signals stimulate the
release of norepinephrine, which acts
through «- and B-adrenergic receptors to
elevate pineal cyclic adenosine monophos-
phate and calcium. Studies in rats indicare
that these second messengers elevate en-
zyme activity through a mechanism that
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requires new gene expression, new protein
synthesis, and stabilization (I). However,

the precise molecular details of AA-NAT

regulation are not known, primarily because
the complementary DNA (cDNA) encod-
ing AA-NAT was not formerly available.

We cloned AA-NAT by using a cDNA
expression library (8, 9). Pools of clones
were transfected into COS-7 cells that were
screened for AA-NAT expression by mea-
suring acetylation of the arylalkylamine
5-methoxytryptamine and of the arylamine
phenetidine. This screening identified an
AA-NAT clone (clone 87) as indicated by
substrate specificity of the encoded protein
(Fig. 1) (10-12).

The largest amounts of ovine AA-NAT
mRNA were found in the pineal gland (Fig.
2). One-quarter as much was found in the
retina, consistent with reports of AA-NAT
activity in chicken and frog retinas and
human retinoblastoma Y79 cells (6, 13).
We also found that the AA-NAT gene was
expressed at low levels in ovine brain and
pituitary gland (Fig. 2). This led to the
finding of AA-NAT activity in the retina,
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pituitary, and olfactory lobe (0.5, 0.2, and
0.1 nmol of acetylated product per milli-
gram of protein per hour, respectively) (14).
The discrepancy between amounts of AA-
NAT mRNA and enzyme activity in ex-
rrapineal sites may reflect different levels of
rranslation or posttranslational activation.
Extrapineal AA-NAT is of special interest
hecause it could influence serotonin con-
centrations and metabolism.

Ovine pineal AA-NAT mRNA in-
creased less than rwofold at night (Fig. 3A),
which was much smaller than the nocturnal
sevenfold increase in AA-NAT activity
(Fig. 3B). In rats, pineal AA-NAT mRNA
was very low during the day and increased
more than 150-fold at night (Fig. 3A) (15,
16), similar to the increase in enzyme ac-
rivity (1). The rat pineal AA-NAT mRNA

rhythm is circadian and is regulated by the

Fig. 3. Day and night studies of pineal AA-NAT mRNA.
(A) Northermn blot analysis. Day pineal glands were re-
moved at ~1200 hours and night pineal glands at ~2400
hours. Sheep were maintained outdoors (8). Rats were
housed in an automatically regulated 14:10 light-dark
cycle {lights on at 0500 hours). Night samples were ob-
tained from animals killed in dim red light. Northern blot

same neural pathway that controls enzyme
activity (15).

These observations indicate that post-
transcriptional mechanisms dominate regu-
lation of AA-NAT activity in sheep, where-
as in rats both transcriptional and posttran-
scriptional mechanisms are involved (1, 17,
18). The involvement of different molecular
strategies among species to increase amounts
of melatonin at night underscores the bio-
logical importance of this signal. These dif-
ferent regulatory mechanisms may explain
why in sheep melatonin increases at night
immediately after exposure to darkness,
whereas in rats there is a delay (19). This
delay could be linked to the time required to
elevate AA-NAT mRNA.

Clone 87 contains a putative 621-base
pair (bp) open reading frame (ORF) encod-
ing a 23.1-kD protein (Fig. 4A). The pre-
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zyme activity or mRNA in two or three pineal glands;
individual values were within 20% of the value given.
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Fig. 4. Amino acid sequence and conserved motifs of ovine AA-NAT. (A)
Deduced amino acid sequence (GenBank accession number U29663) (29).
, cyclic nucleotide—dependent; #, protein
kinase C; +, casein kinase Il. The two conserved motifs are bold and under-
lined. (B) Alignment of the AA-NAT amino acid sequence with sequences of
known and putative acetyltransferases (25). The number of amino acid resi-
dues from the protein termini and between the aligned blocks are indicated.
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dicted size was confirmed by expression of
clone 87 (20). Putative regulation sites exist
(Fig. 4A): the two cyclic nucleotide—de-
pendent protein kinase phosphorylation
sites may be involved in rapid inactivation
(1, 17); the two protein kinase C phosphor-
ylation sites may mediate the effects of cal-
cium (21), and one or more of the seven
cysteines may be involved in activation and
inactivation (18).

The AA-NAT amino acid sequence was
not strongly similar to any functionally
characterized protein in the databases; how-
ever, it was statistically similar to an un-
characterized, hypothetical yeast protein
(YDS8554.04¢) (22). Marginal similarity was
also found to Streptomyces lipmanii puromy-
cin acetyltransferase (PUAC_STRLP) and
a hypothetical protein (ORF5/R46) (Fig.
4B). The similar regions included the por-
rion of AA-NAT that aligned with
YD8554.04¢, which suggests that these re-
gions may be functionally relevant. This
interpretation is supported by the conserva-
tion in PUAC STRLP and AA-NAT of
two essential motifs (designated A and B in
Fig. 4B) found in several acetyltransferases
(23). These morifs may function in acetyl
coenzyme A (CoA) binding, acetyl group
transfer, or both (24).

We searched for other AA-NAT-related
proteins by using a block that encompasses
motif A from the alignments of AA-NAT
with the three proteins described above (25).
Of the 79 related proteins identified in this
search, 30 are acetyltransferases and the re-
mainder are uncharacterized, hypothetical
proteins. Therefore, it appears that motif A is
a reliable identifier of an acetyltransferase
superfamily. Subsequent multiple-alignment
analysis confirmed the statistical significance
of the similarity between AA-NAT and other
acetyltransferases and identified additional re-
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gions of limited similarity between AA-NAT,
YD8554.04c, and PUAC_STRLP (Fig. 4B)
(25).

Although motifs A and B define a large
acetyltransferase superfamily, this superfam-
ily excludes arylamine N-acetyltransferase
and many other acetyltransferases (23, 26).
AA-NAT appears to represent a new family
within this superfamily because there are no
closely relared proteins in the databases.
The AA-NAT family may have emerged
relatively late in evolution, perhaps in as-
sociation with the evolution of melatonin
as a photochemical signal. The cloning of
AA-NAT opens the door to research on
the function of extrapineal AA-NAT and
should lead to the resolution of many long-
standing issues in research on circadian
rhythms and photoperiodism.
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